C ell-to-cell communication plays critical roles in specifying cell fate and coordinating development in all multicellular organisms. One way in which plant cells communicate is by the selective trafficking of transcription factors and other signals through plasmodesmata (PD), channels that traverse the cell wall and connect neighboring cells (1) (2) (3) (4) (5) . The KNOTTED1 (KN1) homeodomain transcription factor was the first plant protein found to traffic selectively through PD. Subsequent discoveries identified a growing array of mobile signaling factors, including transcriptional regulators and small RNAs (3, 4, (6) (7) (8) . Despite our increasing recognition of the importance of this pathway for transmitting signals between cells, the molecular factors that contribute to selective trafficking are largely unknown. Here, we identify chaperonins as essential for the cellto-cell trafficking of transcription factors and demonstrate that chaperonin-dependent protein trafficking is required for plant stem cell function.
Previously, we established a trichome rescue system in Arabidopsis to follow KN1 cellto-cell trafficking in vivo (9) . This system relies on the observation that maize KN1 can functionally replace its Arabidopsis homolog SHOOTMERISTEMLESS (STM ), and STM protein has also been shown to traffic (9, 10) . Trichomes are leaf hairs that develop from the epidermis, and require the cell-autonomous activity of a MYB transcription factor, GLABROUS1 (GL1) (11) . In our system, trichome development is rescued in the gl1 mutant by expressing a GL1 
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fusion to KN1 in the mesophyll cell layers, with the use of the Rubisco small subunit 2b promoter ( pRbcS::GL1~KN1). Trichome rescue depends on trafficking of the GL1~KN1 fusion protein from the mesophyll to the epidermal cell layer. Using this system, we found that the homeodomain of KN1 is both necessary and sufficient for KN1 trafficking (9) .
To identify factors required for KN1 trafficking, a trichome-rescued line ( gl1; pRbcS:: GFP~GL1~KN1 C , where GFP is green fluorescent protein and KN1 C represents the KN1 C-terminal trafficking domain) was mutagenized, and mutants lacking trichomes were isolated (12) . A secondary screen, using confocal imaging, was employed to confirm absence or reduction of the GFP~GL1~KN1 C fusion protein from the epidermis. After screening~2500 M2 lines, we identified five putative trafficking mutants; here, we present the characterization of one such mutant, initially referred to as " ."
Compared with the starting line, the 25-177 mutant lost trichome rescue in the first four leaves and showed reduced trichome rescue in later leaves (Fig. 1, A to D) . Consistent with the loss of trichomes, the epidermal GFP~GL1~KN1 C signal was severely reduced in the mutant (Fig. 1 , E and F); however, the overall expression level of the pRbcS::GFP~GL1~KN1 C transgene was unchanged (Fig. 1G) . Hence, this mutant appeared to have impaired KN1 trafficking. The mutant also displayed pleiotropic developmental phenotypes, including a reduced size and upwardly curling leaves with polarity defects ( Fig.  1B and fig. S1 ).
The 25-177 mutant behaved as a single recessive locus, which we mapped to a~170 kilobase pair interval on chromosome 3, containing 25 genes. This interval was polymerase chain reaction (PCR)-amplified from the mutant as overlapping~5-kb amplicons, which were pooled and sequenced to >20× coverage. We compared the sequence to the Columbia reference genome and identified potentially disruptive point mutations.
We found one such mutation (G to A, causing an amino acid substitution from Ala 512 to Val 512 ) within the At3g03960 gene, which encodes a chaperonin subunit, CCT8 (for chaperonin containing TCP1, also called TRiC, for TCP1-ring complex) (Fig. 1H) . We complemented the trichome rescue defect, as well as other developmental abnormalities of the mutant, with a GFP-tagged CCT8 genomic clone, confirming the lesion in CCT8 as the causal mutation (see below). Thus, we renamed the mutant as cct8-1, and the mutation (Ala 512 →Val 512 ) was at a residue that is highly conserved in different organisms, supporting the idea that it is critical for function. We isolated two additional alleles (SALK082168C; cct8-2 and SALK032358; cct8-3) from the public collection of transfer DNA (T-DNA) insertional mutants (13) . Both had T-DNA insertions in the 5′ untranslated region of CCT8 (Fig. 1H ), leading to reduced transcript levels ( fig. S2A ). Single mutants of cct8-2 or cct8-3 had upwardly curled leaves like cct8-1, but they developed trichomes normally ( fig. S2B ), indicating that CCT8 is not required for trichome development. However, when cct8-2 was introduced into the trichomerescue background (cct8-2; gl1; pRbcS:: GFP~GL1~KN1 C ), trichome rescue was lost ( fig. S2C ), confirming the requirement for CCT8 in the KN1 trafficking-dependent trichome rescue. All three cct8 alleles were weak alleles, because chaperonin null mutants are lethal in all organisms that have been tested [reviewed in (14) ], including Arabidopsis ( fig. S3 ).
CCT8 is a subunit of the type II chaperonin complex, which forms oligomeric double-ring assemblies that assist in protein folding [reviewed in (14) ]. Type II chaperonins are found in Archaea and in the eukaryotic cytosol, and they are composed of eight or nine related subunits. Chaperonins have a more restricted substrate spectrum compared with other chaperones (e.g., HSP70s) and have been best characterized in folding actin and tubulin in yeast and mammalian cells (14) . In Arabidopsis, nine genes encode eight different chaperonin subunits (CCT1-8), and CCT8 is expressed widely ( fig. S4 ), which is consistent with its predicted role in assisting the folding of multiple proteins. Because CCT8 was required for KN1 trafficking, we tested whether trafficking might require the whole chaperonin complex. Using artificial microRNAs, we reduced CCT1 or CCT5 expression in the trichome rescue system, and in both cases, trichome rescue was lost ( fig. S5) , suggesting that the whole chaperonin complex is involved in cell-to-cell trafficking.
Given that chaperonins facilitate protein folding, we asked if the trafficking defects in cct8 mutants might be indirect. First, because GFP is a chaperonin substrate (15), we asked whether the GFP tag in our trichome rescue system might be responsible for the loss of trafficking in cct8 mutants. Mesophyll-specific expression of GL1~KN1 C rescued trichomes in the gl1 mutant but failed to do so in gl1; cct8-1 (Fig. 1I) , showing that the trafficking defects in cct8-1 were independent of the GFP tag. A second indirect cause for impaired trafficking in cct8-1 could be instability of the GFP~GL1~KN1 C fusion protein, due to a general folding defect. This possibility is unlikely, given that the fusion protein accumulated and was targeted to the nuclei in mesophyll cells of the cct8-1 mutant (Fig. 1F) . Nevertheless, we also expressed GFP~GL1~KN1 C directly in the epidermis of gl1; cct8-1 plants, using the GL1 promoter. This expression led to trichome rescue, indicating that a general folding defect was not responsible for the reduced trichome rescue in cct8-1 (Fig. 1I) . A third indirect effect could arise from the established functions of chaperonins in folding actins and tubulins [reviewed in (14)], because the cytoskeleton has been implicated in trafficking through PD (16, 17) . Therefore, we tested whether mutations in CCT8 affect KN1 trafficking by compromising the cytoskeleton. First, when grown with drugs to disrupt microtubules (oryzalin) or microfilaments (latrunculin B), the cct8-1 mutants exhibited wildtype levels of root growth inhibition ( fig. S6 ), suggesting that they did not have gross cytoskeletal defects. We then introduced an Arabidopsis prefoldin6 (PFD6) mutant, pfd6-1, into our trichome rescue system. Prefoldin acts together with chaperonins during actin and tubulin folding (18) , and the pfd6-1 mutant has cytoskeletal defects and increased sensitivity to oryzalin and latrunculin B (19) (fig. S6 ). Normal trichome rescue was seen in the presence of the pfd6-1 mutation (Fig. 1J) , suggesting that defects in KN1 trafficking were not due to cytoskeletal defects.
We next asked if chaperonins might directly facilitate KN1 trafficking; thus, we tested for a physical association. Using in vivo coimmunoprecipitation assays, we found that both KN1 and STM interacted with CCT8 ( Fig. 2A) . Furthermore, a second chaperonin subunit, CCT7, also coimmunoprecipitated with KN1 ( fig. S7 ), suggesting that KN1 associated with the chaperonin complex and that chaperonins might directly facilitate KN1 trafficking.
The function of several plant proteins depends on their ability to traffic between cells. For example, TRANSPARENT TESTA GLABROUS1 (TTG1) is a WD40-repeat protein whose movement is involved in trichome spacing (20) , and SHORTROOT (SHR) is a plant-specific transcription factor whose movement is essential in specifying root endodermal identity (21) . CCT8 was required for trafficking of TTG1, but not of SHR ( fig. S8, A to D) . Consistent with its dependency on CCT8 for trafficking, TTG1 also physically interacted with CCT8 ( fig. S8E ). The requirement for CCT8 in the trafficking of the structurally unrelated KN1 and TTG1 proteins, but not for SHR, suggests that distinct pathways exist for proteins to traffic between cells.
Our trichome rescue system reports KN1 trafficking between leaf cells; this process is developmentally relevant in maize in the context of dominant Kn1 mutations (22) . However, KN1 and STM normally function in the shoot apical meristem (SAM) to initiate and/or maintain the shoot stem cell population (23, 24) . Therefore, we asked whether chaperonins might also be required for KN1 trafficking in the SAM. When driven by a WUSCHEL promoter ( pWUS), which drives expression within the L3 layer of the SAM (9), trafficking of GFP~KN1 into the L2 layer was visible (Fig. 2B) . However, movement into the L2 layer was reduced in cct8-1 mutants (Fig. 2C) , indicating that KN1 trafficking in the SAM also required CCT8.
We then assayed to determine if the reduced KN1 homeobox family (KNOX) protein trafficking in the SAM of cct8-1 mutants had functional importance. Given that KN1 can functionally complement Arabidopsis stm mutants (10) and that STM also traffics (9, 10), we genetically tested whether CCT8 was required for STM function. A weak allele of stm, stm-10, develops~two to six rosette leaves before the SAM terminates ( Fig.  2D) (25) . The cct8-1 mutant had no obvious defects in the number of leaves, rate of their initiation, or in SAM function (Fig. 2E) ; however, stm-10; cct8-1 double mutants had an enhanced SAM termination phenotype (Fig. 2, F and H) and sometimes resembled the null stm-11 allele (Fig. 2G) . The enhancement of stem cell maintenance defects in stm-10 by cct8-1 is probably due to impaired STM trafficking. To support this hypothesis, we made a more severe knockdown of CCT8 using cosuppression, which resulted in obvious meristem defects in the shoot, but not in the root, resembling an stm phenotype (fig. S9) . Together with the physical and genetic interactions between CCT8 and STM, these findings support our hypothesis that CCT8 contributes to stem cell maintenance through its impact on STM movement. Alternatively, the role of CCT8 in stem cell maintenance might result from impaired trafficking of other factors required for this function.
Chaperone activity was previously suggested to be important for cell-to-cell trafficking through PD (26) . In addition, the beet yellows virus encodes a homolog of the HSP70 chaperone to enable viral spread between cells (27); HSP70 homologs are found in PD-enriched cell wall fractions, as well as in the phloem, and they can traffic from cell to cell (28) . However, our report identifies a chaperone that facilitates the trafficking of specific plant signaling proteins, and we therefore investigated the underlying mechanism. Like all chaperones, chaperonins carry out folding using energy from cycled adenosine triphosphate (ATP) hydrolysis (14) . Because ATPase activity has been observed in PD (29) and CCT subunits are present in a PD-enriched proteome (30), we asked if CCT8 was enriched at PD. A functional, internally tagged CCT8 (CCT8-iGFP) localized throughout the cytoplasm (Fig. 3A and fig. S10) ; however, upon plasmolysis we saw no evidence of enrichment at PD ( fig. S10 ), indicating that CCT8 was unlikely to be specifically enriched at PD. We also considered the possibility that CCT8 might function as a mobile transport chaperone, analogous to a mechanism for nuclear transport (31) . However, imaging of CCT8-iGFP demonstrated that CCT8 remains within its cell of origin, making this possibility unlikely (Fig. 3, B and C) .
We then considered additional models for how chaperonins might facilitate KN1 trafficking. One possibility is that they are required for guiding or sorting KN1 to the PD or for the partial unfolding of KN1 into a transport-competent state (26) , similar to their role in posttranslational ER translocation (32) . Alternatively, chaperonins might function in the refolding of KN1 in destination cells, so that the protein becomes functional after its passage through the PD channel. To distinguish between these possibilities, we expressed CCT8, as functional HA~CCT8 or CCT8~iGFP fusions, in either the epidermis or the mesophyll cell layers of the cct8-1 mutant and asked if expression was sufficient to complement KN1 trafficking. We found that trichome rescue in cct8-1 could be restored by the epidermal expression of CCT8, but not by mesophyll expression (Fig. 3, D to F) , indicating that CCT8 was required in destination cells for proper KN1 trafficking. Hence, we propose that CCT8, and by inference the chaperonin complex, facilitates successful KN1 trafficking through refolding translocated, partially unfolded KN1 proteins ( fig. S11) .
In summary, we demonstrated a direct involvement of the chaperonin complex in mediating cell-to-cell signaling by Arabidopsis and maize KNOX proteins, suggesting that this mechanism is conserved in diverse plant species. More important, our studies provide evidence that chaperonin-dependent protein trafficking is required for stem cell maintenance, demonstrating the critical importance of this signaling pathway. Our results also raise an important question about what exact molecular functions are provided by mobility of KNOX proteins. We hypothesize that trafficking could serve to establish protein concentration gradients with distinct developmental readouts or could act as a fail-safe mechanism for maintaining stem cells; and future studies will address these possibilities.
Nectins Establish a Checkerboard-Like Cellular Pattern in the Auditory Epithelium
Masatoshi Takeichi, 3 Yoshimi Takai 1 §
In the auditory epithelium of the cochlea, the sensory hair cells and supporting cells are arranged in a checkerboard-like fashion, but the mechanism underlying this cellular patterning is unclear. We found that mouse hair cells and supporting cells express the immunoglobulin-like adhesion molecules nectin-1 and -3, respectively, and that their interaction mediates the heterotypic adhesion between these two cell types. Genetic removal of nectin-1 or -3 disrupted the checkerboard-like pattern, inducing aberrant attachment between hair cells. When cells expressing either nectin-1 or -3 were cocultured, they arranged themselves into a mosaic pattern. Thus, nectin-1 and -3 promote the formation of the checkerboard-like pattern of the auditory epithelia.
A nimal tissues comprise multiple cell types, which are arranged in complex, elaborate patterns. One such pattern is the checkerboard-like cell arrangement, which is observed in certain tissues such as the oviduct and the auditory epithelia (1, 2) . The organ of Corti in the inner ear consists of mechanosensory hair cells (subgrouped into inner and outer hair cells), which are interdigitated with various types of supporting cells (2) ; these cells are arranged in a checkerboard-like pattern ( fig. S1) . A number of genes or molecules, including those known to regulate planar cell polarity, have been implicated in the generation of the highly ordered structures in the cochlea (3-7) . A mathematical model predicted that the checkerboard-like pattern could be generated by a mixture of two cell types, when their heterotypic cell-cell adhesions dominated over their homotypic ones (8) . However, how the checkerboard-like pattern of cells is established is unclear.
Epithelial cell-cell adhesions are mediated via the adherens junctions (AJs), where two classes of molecules, cadherins and nectins, cooperate. The major role of cadherins is to connect cells expressing the same cadherins through their
